have also been put forward in favor of a binary model that proposes that the sole function of distal elements is to generate a favorable chromatin structure that
Introduction regulation. The entire locus is activated by the locus control region (LCR) contained within a 15 kb region A variety of phenotypic effects in eukaryotes are known located 5Ј of the ⑀ gene (Grosveld et al., 1987) . It has to be the result of long-range action by regions of DNA long been known from genetic studies that expression on one or more target sequences. Such effects include of one gene in the locus can reduce that of the others transcriptional activation by distal control elements, het- (Giglioni et al., 1984) . This effect has been studied extenerochromatinization of translocated genes to give posisively in transgenic mice ; Hanscombe tion-effect variegation, and phenomena such as silencet al., 1991; , ing and insulation. The phenomenon of transcriptional and there is clear evidence that it operates in a polar regulation by sequences that are located at long dismanner with the genes located proximally to the LCR tances from the promoter has been known for many having a stronger suppressive effect on the more distally years, but there is still intense debate about how such located genes (Hanscombe et al., 1991) . The simplest regulation takes place. Looping models that bring disexplanation for the observed down-regulation would be tally located sequences into direct contact with promotthat activation is achieved through direct interaction ers have been widely favored (Ptashne, 1988; Muller et between the genes and the LCR and that only one gene al ., 1989; Bickel and Pirotta, 1990) . However, arguments can interact with the LCR at any one time. In contrast, the binary model (Walters et al., 1996) excludes direct § Present Address: National Institute of Child Health and Human interaction and proposes transcriptional interference to Development, National Institutes of Health, Bethesda, Maryland explain the down-regulation of distal genes (Martin et 20892.
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al., 1996). Figure 2 ). Wild-type and mutant loci span a distance of 70 kb. In the ML1 locus, the ␤ and ␤m genes are 50 kb and 6.8 kb, respectively, from the 3Ј end (HS1) of the LCR (56.7 kb and 13.6 kb from the middle of the LCR), while the equivalent distance for the G␥ gene is 28 kb. In ML2, the distances of the ␤ and ␤m genes from the 3Ј end of the LCR are 53.7 kb and 42.8 kb, respectively (60.5 kb and 49.4 kb from the middle of the LCR).
(B) Structure of the marked ␤-globin gene (␤m). A 410 bp fragment extending from the NcoI site at the ATG codon to a BamHI site located at the end of exon II was replaced with the equivalent fragment from the A␥ gene.
The study of interactions within the locus has recently ␥ and ␤ are different genes whose levels of expression change during the process of switching from ␥ to ␤. been taken a step further by the use of in situ hybridization to directly visualize primary transcripts at individual These factors introduce unknown variables into the analysis that limit the precision with which the kinetics alleles in single cells (Wijgerde et al., 1995) . In transgenic of transcriptional competition can be measured (Wijmice homozygous for a human ␤-globin locus, cells from gerde et al., 1995) . In this study, we have eliminated 12.5 day fetal liver were found to contain both ␥ and ␤ these variables by generating mutant loci that contain primary transcripts, but almost all (87%) of the loci a second functionally equivalent ␤ gene at two different showed transcripts from only one gene. The result was positions in the locus to allow the study of only the interpreted as indicating that only one gene in the locus frequency of interaction. could be activated by the LCR at any one time. The
We find that the steady-state RNA levels of the two presence of a minority of loci that gave double signals ␤-globin genes are dependent on their relative distance was interpreted as being due to the dynamics of the from the LCR. The measurement of primary transcripts process. After a switch in gene activation, the newly in individual cells shows that the number of transcripsynthesized RNA would colocalize with the decaying tional periods of each gene correlates with the levels of RNA of the previously transcribed gene. On the basis steady-state RNA. This provides independent evidence of these results and data obtained by manipulation of for direct interaction between the LCR and individual regulatory elements or transcription factors (Milot et al., promoters and excludes transcriptional interference as 1996; Wijgerde et al., 1996) , we postulated that trana mechanism for the polarity of gene activation and scriptional activation by distal elements is an all-orsilencing observed in the locus. nothing effect with transcription only taking place when the distal element is complexed with the gene. From Results this, it follows that the level of RNA produced would be determined by the frequency with which such transcriptional complexes are formed and the duration of the Generation of Transgenic Mice Carrying Mutant ␤-Globin Loci interactions.
However, it has never been possible to examine freTo test the effect of gene position on expression within the locus, we made use of a technique that involves quency and duration as independent variables because ligating two cosmid inserts to generate a 70 kb fragline 335 contains a second truncated copy of the locus (with a segment of unknown size missing from the 3Ј ment containing the complete locus (Strouboulis et al., 1992b) . Conventional cloning methodology carried out end of the second copy). on the individual cosmids was used to generate two modified loci, each containing a second ␤-globin gene Effect of Position in the Locus (␤m) that was marked so that its transcript could be on Transcriptional Function distinguished from that of the wild-type gene. In mutant Three different analytic approaches were used to obtain locus 1 (ML1), the ␤m replaced the ⑀ gene, while in a comprehensive picture of the effect of position on the mutant locus 2 (ML2), it was inserted close to the cap regulation of the two ␤ genes in the mutant loci. Steadysite of the ␦ gene ( Figure 1A) . Marking of the gene was state levels of transcripts from the two genes were meaachieved by replacing part of exon 1 and 2 and all of sured by S1 analysis of adult blood RNA from each intron 1 with the equivalent sequences from the A␥ gene transgenic line. RNA FISH using intronic probes (Wij-( Figure 1B) . When marking the gene, it was important gerde et al., 1995) was used to detect the presence of to reconstruct a fully functional globin gene to avoid primary transcripts at the site of transcription of the generating a transcript that would be less stable in eryindividual genes in 16.5 day fetal liver cells. This gives throid cells than the wild-type ␤-globin mRNA. Extensive a measure of the relative frequency of transcription of functional testing has not detected any regulatory sethe two ␤ genes in erythroblasts. S1 analysis was also quences within this region of the ␥ or ␤ genes (Behringer used to measure transcription of the genes at different et Bodine and Ley, 1987; Antoniou et al., 1988) .
stages of mouse development and to assess whether Transgenic mice were generated by microinjection of position in the locus affects developmental regulation. the mutant loci into oocytes. Since a multicopy tandem
The results of these analyses are summarized in Figures array would place an LCR close to the 3Ј end of the 3 and 4 and described below. wild-type ␤-globin gene, it was necessary to analyze animals that carried the modified loci at single copy.
Effect of Placing ␤m in a Distal Position To do this, we generated a large number of transgenic in the Locus founder animals and then mapped the transgenes exten-
The mutant locus construct ML2 places the ␤m gene in sively with particular emphasis on the ends of the ina position 10 kb upstream from the wild-type ␤ gene. jected fragment, to identify mice that carried a complete Placing the marked gene relatively close to the wildsingle copy of the locus.
type gene should show whether gene order affects transcription, either through competition for the LCR or transcriptional interference. Analysis of steady-state levels Analysis of Transgene Structure A total of 57 founder transgenics were generated (23 of mRNA from both genes in adult blood from four transgenic lines carrying the construct showed that the for ML1 and 34 for ML2). Tail DNA from these founders was digested with BamHI and probed with fragments combined output of the two ␤ genes is the same as that of endogenous mouse ␤ (per copy of the mouse ␤ locus). from either end of the locus (Figure 2 ). Founders that showed a joining fragment indicative of a multicopy tan-
The data in Figure 3 show that expression of the two human ␤-globin genes is not equal. The presence of the dem repeat were discarded, while putative single-copy animals were bred to generate transgenic lines. This ␤m gene at this position results in an expression level of approximately 75% (lines 301, 604, and 623) of the approach resulted in the generation of 2 single-copy lines for ML1 and 3 for ML2 (see below and Figure 2 total and a reduction of expression of the wild-type human ␤ gene to around 25% as measured by S1 protecwith accompanying legend). The integrity of the locus in each of these lines was tested by probing blots of tion analysis of steady-state RNA ( Figure 3 ). FISH analysis of primary transcripts was used to deEcoRI-digested DNA with the complete cosmids used to generate the locus (Strouboulis et al., 1992a) . Five of termine the number of actively transcribing genes in erythroblasts from 16.5 day fetal liver (when only the the lines had the locus fully intact, while a small rearrangement was detected in the middle of the locus in adult ␤ genes are transcribed). ␤m and ␤ primary transcription signals were detected by in situ hybridization one of the ML1 lines (data not shown). This line was not analyzed further. Line 610 had 2 copies of the locus with probes specific for the first intron of the ␥ genes (which detect primary transcripts from the ␤m gene) and integrated as a tandem head-to-tail repeat, while line 217 had 2 copies of the locus linked together but sepathe first intron of the ␤ gene (which detects wild-type ␤ transcripts). For each of the ML2 lines (301 and 623), rated by an unknown amount of mouse DNA (Figure 2 ). Such events appear to occur frequently during transapproximately 500 expressing loci were counted for primary transcription signals. 50% (51% and 49% for lines gene integration (Singh et al., 1991; Strouboulis et al., 1992a) . The structure of the locus in line 335 is not 301 and 623, respectively) of the alleles show a single transcription signal for ␤m ( End-blot of five single-copy lines together with two additional two-copy lines for ML2. The right-hand panel shows a BamHI digest probed with a 3.3 kb EcoRI fragment from the 5Ј end of the locus (see Figure 1) . The left-hand panel shows the same blot probed with a fragment from the second intron of the human ␤-globin gene. The size of the internal fragment differs in the ML1 and ML2 lines because of the different location of the gene in the locus. Each of the five single-copy lines gives a differently sized end fragment when hybridized with probes specific for the 5Ј and 3Ј ends of the locus (the additional internal fragment observed with the 3Ј probe comes from the ␤m gene). Line 335 shows a higher signal than expected for a single-copy integration, but we have not detected a joining fragment as would be expected for a multicopy integration. It also fails to show a 3Ј-end fragment when digested with BamHI; possibly the BamHI end fragment is larger than the average size of the DNA in these preparations. Further blots did not clarify the situation, and hence, the exact structure of line 335 is not clear. Line 610 gave two end fragments and a fragment that corresponds to the size expected for a head-to-tail joining fragment, indicating that the line carries two copies of the transgene arranged as a head-to-tail repeat. Line 217 also gives two different end fragments when probed with the 5Ј-end probe. Although one end fragment is visible for the 3Ј-end probe, NcoI and HindIII digests each give two 3Ј-end fragments (not shown), indicating that this line contains two copies of the locus integrated in the same region but separated by an unknown amount of mouse DNA. The end fragments segregated together when the line was bred, indicating that two integration events have occurred close together.
genes are the same, the number of double spots (red ϩ and that of ␤m is 69%. This is in good agreement with the S1 protection analysis. green ϭ yellow) is only dependent on their frequency of transcription and signal decay. Using the average
We conclude that the presence of the additional ␤ gene down-regulates the distal ␤ gene. Since the two ␤ numbers (50% green, 13% red, and 37% yellow), it can be calculated (see Experimental Procedures and Disgenes have identical promoters and flanking sequences, we also conclude that the down-regulation is caused cussion) that the frequency of ␤ transcription is 31% by a decrease in the frequency of transcription of the agreement with the S1 protection analysis. However, the variation between the ML1 mice indicates that one distal ␤ gene. Possible explanations for this decrease would be competition for the LCR  of these lines is subject to a position effect (see Discussion). Hanscombe et al., 1991) or transcriptional interference (Proudfoot, 1986; Martin et al., 1996) .
These data clearly show that moving the proximal gene closer to the LCR and much farther away from the distal gene results in a more effective suppression of Effect of Placing ␤m in a More Proximal Position the distal gene. In addition, since the proximal ␤m gene is now in a position where transcriptional interference If transcriptional interference plays a role in down-regulating distal genes, then the effect would be expected on the distal ␤ gene would be expected to be reduced (and would certainly not be increased), we conclude to be most pronounced when the ␤m gene is closest to the ␤ gene and to be reduced when the ␤m gene is that down-regulation of the distal gene is the result of competition between the genes for direct interaction placed in a more proximal position (i.e., closer to the LCR). If relative distance from the LCR is the main deterwith the LCR. minant, then the opposite effect would be expected. These predictions were directly tested using the conDevelopmental Regulation It has been suggested that the ␤-globin gene is normally struct ML1 in which ␤m is in the position normally occupied by the ⑀ gene (Figure 1) . The results of S1 analysis at least in part suppressed in the early stages of embryonic development due to its position in the locus and, of adult blood from the two transgenic lines (180 and 185) obtained for ML1 are shown in Figure 4 . Again, the as a consequence, the competition from the ⑀ and the ␥ genes Hanscombe et al., 1991 ; total output of the locus is very similar to that of the endogenous mouse loci. In line 180, expression of the level Dillon and Grosveld, 1993; Peterson and Stammatoyannopoulos, 1993) . Since the ML1 mice carry a ␤-globin of ␤ RNA was 12% of the total human ␤ RNA, while in line 185, expression was reduced to less than 1% (Figure gene in the position of the ⑀ gene, they provide an excellent opportunity to test the competitive silencing early 4). These results are confirmed by in situ analysis. Line 185 shows only 0.4% of the expressing loci with a single in development. Timed matings were carried out for four of the transgenic lines (two for each construct), and the ␤ (red) and 0.4% with a double ␤m/␤ (yellow) signal, while 99.2% express ␤m only (Figure 4 ). Line 180 shows RNA was analyzed from 10.5 day yolk sac, 12.5 day fetal liver, and adult blood for the presence of transcripts 1.2% single ␤, 14.4% double ␤m/␤, and 84.4% single ␤m signals. From these data, it can be calculated (see from the human ␤, ␤m, and ␥ genes and the mouse embryonic ␤h1 and adult ␤maj genes ( Figure 5 ). EmbryDiscussion) that the frequency of transcription of ␤m in line 185 is 99% of the total, and in line 180, 91% of onic yolk sac from the transgenic line 72 carrying the wild-type locus shows the expected pattern of human the total. As in the ML2 mice, these in situ data are in globin expression with the ␥ genes expressed at high genetics at the level of a complete locus. Using these approaches, we have been able to address a number levels and the ␤ gene completely suppressed. A similar pattern is observed for the ML2 lines (the ␤m gene in of different questions. the distal position) with both ␤m and ␤ completely suppressed. In contrast, in the two ML1 lines (the ␤m in the Competition versus Transcriptional Interference proximal position), ␤m is expressed at levels that are It has long been known that the transcription of one approximately equivalent to those of the ␥ genes. This gene can affect the expression of other genes in the result shows that the ␤-globin gene does not contain ␤-globin locus. Two different models have been sugany flanking sequences (2 kb in either the 5Ј or 3Ј direcgested as explanations for this phenomenon. The comtion) that actively suppress its transcription in early depetition model proposes that transcription depends on velopment.
direct interactions between the genes and the LCR (HanIn fetal liver, the control line 72 shows the expected scombe et al., 1991; Wijgerde et al., 1995) and that such levels of human ␥ and ␤ expression (Strouboulis et al., interactions are monogenic. The binary model proposes 1992a; Peterson et al., 1993, Figure 5) . In contrast to that the effect of the LCR on transcription is due to an both ML1 lines (␤m located upstream from the ␥ genes), alteration in chromatin structure and that the level of expression of ␥ in 12.5 day fetal liver is completely supexpression is determined entirely by the promoter withpressed. In the ML2 lines (␤m located downstream from out direct interaction with distal elements. As this model ␥), expression is observed in the early fetal liver. We does not explain the fact that up-regulation of one gene therefore conclude that the position of the genes relative results in a reduction in the expression of the others, it to the LCR profoundly affects their developmental reguwas necessary to invoke transcriptional interference as lation and that this is the effect of transcriptional compean additional mechanism to explain this effect (Martin tition. Our results indicate that the ␤-globin gene is noret al., 1996) . We distinguished between the competition mally supressed in embryonic and fetal tissues because and binary model by placing an extra ␤-globin gene (␤m) its distal location results in a competitive disadvantage at two different positions in the ␤ locus. It would be compared with the ⑀ and ␥ genes.
expected that if down-regulation is caused by transcriptional interference, then the effect would decrease when the extra ␤ gene is moved away from the gene with Discussion which it would interfere (ML1 versus ML2, Figure 1 ). In fact, suppression is substantially increased in ML1, and In this study, we have used a combination of technologies to examine chromatin interactions over large we conclude that interference cannot explain our result. By inference, transcriptional interference plays at most DNA regions. The LCR approach (i.e., using all of the elements required for physiological expression) allows a minor role in the regulation of the ␤-globin locus. Of course, our results do not exclude the possibility that quantitative conclusions to be drawn from measurements of steady-state levels of mRNA. The in situ analytranscriptional interference plays a role in other situations. sis of primary transcripts provides qualitative information about transcription in each cell in a population.
The LCR contains five hypersensitive sites spread over a distance of 15 kb. Functional analysis in transTechniques for manipulating large fragments and introducing them into mice permits the application of reverse genic mice has shown that four of the sites are required lines (180 and 185) that were analyzed by in situ analysis, it results in two different values, namely a ␤m-to-␤ frequency of 160-fold and a transcriptional period of 20.5 min for line 185 (the very low ␤-globin expressor) and a ␤m-to-␤ frequency of 9-fold and a period of 7.5 min for line 180. The latter is very similar to the 8.2 min observed for the ML2 lines, and we conclude that the distal gene in line 185 is influenced by a negative position effect. In general, distal genes in single-copy integrations show some sensitivity to the position of integration in the mouse genome (Strouboulis et al., 1992a) , in particular when the LCR interacts predominantly with a proximal gene. In that situation, the distal gene is not engaged by the LCR for most of the time and would therefore be available for an interaction with neighboring mouse sequences. gene is much closer to the LCR than the distal gene. What is the mechanism for this effect of relative distance from the LCR on competition? The more efficient comfor full activation of a linked ␤-globin gene (Bungert et al., 1996; Milot et al., 1996; Peterson et al., 1996) . The petition by a proximal gene could be explained by a tracking model, where the LCR traverses along the DNA fact that the genes compete for the LCR and that a proximal gene can almost completely suppress tranuntil it finds a gene and forms a complex with it. However, a simple tracking model predicts that the effect scription of a distal gene implies that the LCR functions as a single holocomplex as proposed by Ellis et al. (1996) of the proximal gene would be the same whatever its position relative to the distal gene and does not explain rather than individual sites contacting the genes independently (Engel, 1993) . the effect of relative distance. An alternative model (Dillon and proposed that LCR and genes can move freely in solution and that random contact Kinetics of Complex Formation between the LCR and the Genes between the genes and the LCR results in the formation of stable complexes. A gene that is closer to the LCR The finding that there is competition between the genes in the locus and the observation of a predominance of would come into contact with it more frequently and would therefore compete more effectively. As the proxisingle signals by in situ analysis demonstrates that the LCR can activate only one gene at a time (Wijgerde et mal gene is moved away from the LCR and toward the distal gene, the difference in frequency of interaction al., 1995). The proportion of single and double signals depends on the frequency of switching, the duration of would become less and the competitive advantage of the proximal gene would be reduced. The kinetics of the interaction between the LCR and each of the genes, and the lifetime of the double signal after a switch. The free movement of two tethered elements predict that frequency of contact will be a function of relative distwo identical competing genes, ␤m and ␤, will have the same duration of interaction with the LCR. Since the tance to the power of 3/2 (Rippe et al., 1995) . Calculation of the distance from the genes to the LCR is complicated lifetime of the signal (7 min, Gribnau and de Boer, personal communication) and the number of single and by the fact that there are four hypersensitive sites spread out over a distance of 15 kb. Since the structure of the double signals are known, the frequency and duration of a transcriptional period can be estimated. The data LCR in vivo is not known, only a range of 15 kb can be used by measuring the distance from the genes to either obtained with the ML2 mice show that the number of single ␤m-and ␤-gene transcription signals for every the 5Ј end (HS4) or the 3Ј end (HS1) of the LCR. This would result in a distance of ␤-LCR/␤m-LCR to the 100 cells is 50 and 13, respectively, whereas 37 cells have a double signal (Figure 3) . From these numbers, it power 3/2 of 6-20 for ML1 and 1.4-1.5 for ML2. Thus, if the genes were moving freely in solution, the predicted is calculated (see Experimental Procedures) that there is a 69% probability of transcribing the ␤m gene versus expression ratios of ␤m/␤ would be in the case of ML1 of 6-to 20-fold and ML2 of 1.4-to 1.5-fold. a 31% probability of transcribing the ␤ gene when both are in a distal position, as in the ML2 mice (301 and However, the measured effect of competition by the proximal gene on the distal gene does not quite fit these 623). Thus, the ␤m gene is transcribed 2.3 times more frequently than the ␤ gene. It can also be calculated predicted numbers (9-fold for ML1 line 180 [no position effect] and 2.3-fold for ML2). In particular, the deviation that the time of a transcriptional period lasts 8.2 min on average (see Experimental Procedures).
Effect of Position in the Locus on Competition
of the more reproducible numbers for ML2 implies that movement of two points on a fragment of DNA in the When the same calculation is used on the two ML1 nucleus is subject to additional constraints over and the distant regulatory sequence (LCR) is in direct contact with the gene and that the process of initiation stops above those imposed by the fact that they are tethered together. The nature of these constraints is unclear, but as soon as the LCR/gene complex dissociates. Further use of functional probing should allow direct testing of the most likely constraint is probably the fact that the locus is part of a bigger loop. a variety of different models for gene function in chromatin in vivo.
Effect of Position on Developmental Regulation Experimental Procedures
Our results also demonstrate that the effect of position on competition between the genes of the ␤-globin locus
Construction of Mutant Loci
for the activating function of the LCR has a substantial Modifications were carried out on the cosmids Cos-LCR⑀ and Cos effect on the developmental regulation of the locus. Spe-␥␥␦␤ containing the 5Ј and 3Ј segments of the locus, respectively cifically, we have shown that embryonic silencing of the (Strouboulis et al., 1992a) . A 2.7 kb ClaI/KpnI fragment containing ␤-globin gene is dependent on its location in a distal the human ⑀ gene was excised from cos-LCR⑀ and replaced with a 4.9 kb BglII fragment containing the marked ␤-globin gene ( Figure   position in the locus. We cannot say for certain which 1B). The same BglII fragment was inserted into the SalI site located sequences in the proximal region of the locus are reat the cap site of the ␦ gene in Cos ␥␥␦␤. The two cosmids were sponsible for this embryonic activation, but the 2.7 kb joined together using the oligo-tailing procedure described by Stroufragment containing the ⑀ gene that was removed and boulis et al. (1992b). replaced with the ␤ gene contains sufficient information to direct high-level expression when linked to the LCR
Generation and Analysis of Transgenic Mice
The 70 kb fragments containing the complete mutant loci were Shih et al., 1990) , suggesting that purified by preparative agarose gel electrophoresis and injected into any ⑀-specific enhancers have been removed from ML1. occupies this position. However, a similar reduction is S1 Analysis of RNA observed when an extra ␤ gene is located downstream RNA was isolated from 10.5 day yolk sac, 12.5 day fetal liver, and from the ␥ genes, even though this gene is completely adult blood from transgenic lines and subjected to S1 analysis using silent. Taken together with our other results, this sug-5Ј-end-labeled probes. The S1 procedure and the probes used for gests that the locus has evolved as a functional system the mapping were identical to those used by Strouboulis et al. in which the number of genes and the spacing between The in situ analysis was carried out essentially as described by gene loci such as the highly conserved Hox loci and Wijgerde et al. (1995) , using oligonucleotide probes that detect the the imprinted murine H19 region. In the latter case, an (Leighton et al., 1995) . The study there is a possibility of each time interval to transcribe ␤m or ␤ with described here provides the first direct evidence that a probability P or 1-P, respectively. There are four possible states competition for shared elements does occur over disper interval: (1) switching from ␤ to ␤m (with probability P) results in 7 min double signal followed by T-7 min single ␤m signal; (2) tances of this magnitude in chromatin.
switching from ␤m to ␤ (with probability 1-P) results in 7 min double Polar competition clearly modulates switching besignal followed by T-7 min single ␤ signal; (3) going from ␤m back tween the ␥ and ␤ genes in the early fetal liver and gives to ␤m (with probability P) results in T min ␤m signal; and (4) going the ␥ genes a strong advantage by virtue of their more from ␤ back to ␤ (with probability P) results in T min ␤ signal. This proximal position. However, the ␥ genes are expressed gives a Markov chain that can be solved in three equations per time at similar levels to that of ␤ in the early fetal liver, which interval T: (1) expected time that ␤m is observed, P(1 Ϫ P)(T Ϫ 7) ϩ P 2 ϭ (%␤m signals)T; (2) expected time that ␤ is observed, means that other parameters must be acting to counter-P(1 Ϫ P)(T Ϫ 7) ϩ (1 Ϫ P) 2 ϭ (%␤ signals)T; and (3) following contact between the LCR and the ␥ genes.
Our results demonstrate the power of this type of
